Ranadive SM, Harvey RE, Lahr BD, Miller VM, Joyner MJ, Barnes JN. Sympathetic responsiveness is not increased in women with a history of hypertensive pregnancy. Am J Physiol Regul Integr Comp Physiol 312: R49 -R54, 2017. First published December 7, 2016 doi: 10.1152/ajpregu.00379.2016.-Hypertensive pregnancy (HTNP) is a risk factor for future cardiovascular disease. Exaggerated cardiovascular responses to physical stress are also considered an independent marker of cardiovascular disease risk. However, there are limited data regarding the blood pressure (BP) responses to acute stress in women, who have a history of HTNP. Hence, the aim of the study is to compare BP responses to a physical stress in postmenopausal women with a history of HTNP to age-and parity-matched women with a history of normotensive pregnancy (NP). Beat-to-beat BP and heart rate was recorded in 64 postmenopausal women with [age ϭ 58.5 (55.2, 62.2) yr, where values are the median, 25th percentile, and 75th percentile] and without [age ϭ 59.4 (55.9, 62.4) yr] a history of HTNP before and during isometric handgrip (IHG) exercise (30% of maximal voluntary contraction) to fatigue. Muscle metaboreflex was measured during postexercise ischemia following IHG exercise. BP variables increased similarly in response to IHG exercise [systolic: NP ϭ 11.5 (8.9, 17.6) %, HTNP ϭ 11.3 (9.5, 15.9) %; diastolic NP ϭ 11.2 (7.9, 13.3) %, HTNP ϭ 9.5 (7.1, 14.3) %; mean blood pressure: NP ϭ 9.8 (5.0, 13.6) %, and HTNP ϭ 7.2 (4.4, 10.4) %] and postexercise ischemia [systolic: NP ϭ 14.1 (10.3, 23.0) %, HTNP ϭ 15.8 (10.6, 21.4) %; diastolic NP ϭ 12.2 (4.8, 17.0) %, HTNP ϭ 10.4 (5.3, 17.1) %; and mean blood pressure: NP ϭ 11.1 (6.1, 17.9) %, HTNP ϭ 9.4 (2.9, 14.8) %] in both groups. Although having a history of HTNP is associated with future cardiovascular disease risk, results from this study suggest that the risk may not be manifested through altered cardiovascular metaboreflex response to physical stressors. pressor response; preeclampsia; isometric handgrip exercise A HISTORY OF HYPERTENSIVE PREGNANCY (HTNP), which includes preeclampsia, gestational hypertension, and chronic hypertension, is a risk factor for cardiovascular disease, including development of hypertension (3, 4, 6, 10, 14) . However, the mechanisms leading to later-life development of cardiovascular disease in women with a history of HTNP are unknown.
Dysregulation of sympathetic control of blood pressure (BP) is one possible mechanism contributing to cardiovascular disease and the development of hypertension in men and women (22) . An exaggerated BP response to laboratory physical stress is considered an independent marker of cardiovascular risk (16, 17, 21, 28) . During acute isometric handgrip (IHG) exercise and postexercise ischemia, there is occlusion of the microvasculature, accompanied by an increase in metabolites that triggers chemosensitive afferents, causing a pressor response from the reflex sympathetic excitation (1, 15) . The activation of the chemosensitive afferents in skeletal muscle during IHG and especially with postexercise ischemia raises BP, in large part, by increasing muscle sympathetic nerve activity (MSNA) (15) . Thus, sympathetic hyperresponsiveness of the metaboreflex can indicate a potential dysregulation in the sympathetic control of BP.
In addition to sympathetic hyperresponsiveness in women with current HTNP (22) , the sympathetic hyper-responsiveness that occurs between 28 and 32 wk of gestation can predict pregnancy-induced hypertension (22) . In some women with a history of HTNP, hypertension reoccurs later in life (23, 27) . However, it is currently unknown whether sympathetic hyperresponsiveness persists beyond pregnancy and through the menopausal transition in women, who have had a history of HTNP. Hence, the primary aim of this study was to compare the BP responses in women with a history of HTNP 30 yr postdiagnosis to age-and parity-matched women with a history of normotensive pregnancy (NP). We hypothesized that women with a history of HTNP 30 yr postpartum would have exaggerated BP responses to IHG exercise and postexercise ischemic occlusion compared with age-and parity-matched women with a history of NP.
METHODS
Eighty postmenopausal women with and without confirmed histories of preeclampsia (HTNP) and NP between 1976 and 1982 were recruited from the Rochester Epidemiology Project (18, 24 -26) to investigate the association between preeclamptic pregnancy and subclinical cardiovascular disease. Women with a confirmed diagnosis of preeclampsia (HTNP) and women without a diagnosis of preeclampsia (NP) were age-and parity-matched. All births were singletons. Sixty-four women met the inclusion criteria for this study and agreed to participate. All participants were free of acute and chronic cardio-vascular disease (with the exception of controlled hypertension) and respiratory disease, they had a body mass index (BMI) of Ͻ30 kg/m 2 , and were nonsmokers. All participants were asked to refrain from exercise, alcohol, and caffeine for at least 24 h and were asked to fast for 4 h before the start of the study. All study procedures were approved by the Institutional Review Board of the Mayo Clinic and were performed according to the Declaration of Helsinki. All participants gave written informed consent.
Experimental procedures. The study was performed during one experimental session in the Clinical Research Unit of the Mayo Clinic with a controlled ambient temperature between 22°C and 24°C. After obtaining the demographic and clinical measurements, the participants were asked to rest quietly in the supine position for 10 min. After the 10 min of rest, three measurements of right arm cuff BP were recorded.
In all participants, beat-to-beat BP was continuously recorded using a noninvasive finger plethysmography (Nexfin, Edwards Lifesciences, Irvine, CA) on the right hand. Heart rate was continuously recorded via a continuous 3-lead electrocardiogram (Cardiocap/5; DatexOhmeda, Louisville, CO).
While in the supine position, participants performed maximal voluntary contraction (MVC) on a handgrip dynamometer three times with their left arm, separated by a minute. An average of the three measurements was recorded. Baseline measurements of BP and HR were recorded during quiet rest for a period of 2 min in a supine position. Participants performed an IHG exercise at 30% MVC. Verbal feedback was given to maintain the 30% intensity until fatigue. As the participants reached fatigue during the IHG exercise, a BP cuff, placed on the upper left arm of the participant, was inflated to supra-systolic pressure (220 mmHg). All of the participants were asked to perform the IHG exercise until cuff inflation. Ischemia was maintained for 90 s followed by 2 min of quiet rest.
Data analysis. Data were collected at 250 Hz, stored on a computer (WinDaq; DATAq Instruments, Akron, OH), and were analyzed off-line with signal processing software (PowerLab; ADInstruments, Sydney, Australia). Heart rate and systolic, diastolic, and mean arterial pressure (MAP) were continuously monitored throughout the protocol from the electrocardiogram and the BP waveform, respectively.
As the time to fatigue during the IHG exercise varied among participants, the BP and heart rate recordings were divided into three parts based on the total time to exhaustion (1st third, 2nd third, and final third). The BP response was calculated for each part as the mean pressure over each one-third interval minus baseline BP. An example of individual BP response to IHG exercise and postexercise ischemia is presented in Fig. 1 .
Statistical analyses. Serially collected data for each of five BP parameters included a single measure at baseline, three measures in response to respective forms of IHG exercise, and postexercise ischemia with the selection of the three responses, corresponding to equally spaced intervals over the participant's total testing time. Given the multiplicity of data and the problems that arise from multiple comparisons, the repeated measurements were reduced to single measures of trend for each individual, which were then used to compare groups with a history of NP versus HTNP. Summary statistics to quantify the trend included the mean BP response (i.e., the average of each subject's response measurement subtracted by their baseline value), the peak BP response (maximum response value, normalized for the baseline measurement), and time-response slopes based on regressions performed separately on each subject. For this, a simple linear regression model was fitted to the four total measurements made on each subject from which the least squares slope was obtained and used to summarize the response pattern. Given the consistency in results across these different types of summary measures, we reported only those pertaining to the mean BP response over the duration of IHG exercise to fatigue and postexercise ischemia, which had been computed both as a simple difference and as a percent change (rather than a simple difference) relative to the baseline measurement. The final summary measures of BP response were described with quartiles (medians, 25th, and 75th percentiles) and were assessed for group differences using the Wilcoxon rank sum test. Data analyses were carried out with the statistical software package SAS, version 9.4 (SAS Institute, Cary, NC).
RESULTS
Sixty-four women (33 with a history of NP and 31 with a history of HTNP) completed the visit for IHG exercise and postexercise cuff occlusion. The participant characteristics and baseline measurements of these women are presented in Table  1 . In comparison to age-and parity-matched women with a history of NP, women with a history of HTNP had significantly higher body mass index at the time of study and were more likely to be diagnosed and treated for hypertension. There were no significant differences in any of the baseline hemodynamic variables between women with and without a history of HTNP. There were no significant differences between women with a history of NP and history of HTNP in the average response (change between each participant's baseline measurement and the average of their three IHG exercise measurements) in systolic, diastolic, and mean BP during the IHG exercise (Table 2 ). There were also no significant differences between groups when the systolic, diastolic, and mean BP responses during IHG exercise were expressed as percent change (Table  2) . Additionally, there was no significant difference between groups when the systolic, diastolic, and mean BP responses during IHG exercise were analyzed after dividing them into three time frames of the duration of hand grip to exhaustion (data not shown). The absolute systolic, diastolic, mean BP, and heart rate during IHG and postexercise ischemia are presented in Fig. 2 .
There were no significant differences in the average responses in systolic, diastolic, and mean BP (averaged over three measurements taken at 30-s intervals and normalized for baseline measurement) of postexercise cuff occlusion between women with and without a history of HTNP (Table 3) . Likewise, there were no significant differences in the systolic, diastolic, and mean BP percent change during postexercise cuff occlusion between the two groups (Table 3) . We further analyzed the possibility that the sex of the offspring influenced the blood pressure response. There were no significant differences in the blood pressure response to IHG and/or postexercise ischemia between pregnancies with male or female infants (data not shown).
Because the proportion of women with current hypertension was higher in the HTNP group, a subset analysis was used to test for group differences in BP and heart rate responses among women who are currently normotensive. In these 41 women free of hypertension (n ϭ 26 in the NP group and n ϭ 15 in the HTNP group), there were no significant differences in SBP, diastolic blood pressure, and MAP average responses. For instance, the median (interquartile range, IQR) MAP responses for currently normotensive women with and without a history of HTNP was 8. 
DISCUSSION
To our knowledge, this is the first study to evaluate the long-term effects of a history of hypertensive pregnancy on sympathetic responsiveness in women. Contrary to our hypothesis, results in the current study suggest that over the period of 30 yr after the incident event, the sympathetic responsiveness to IHG exercise and postexercise ischemia in women with a history of HTNP, who were without prior cardiovascular events, are similar to those of age-and parity-matched women with a history of NP.
In women with HTNP, previous studies have shown evidence of sympathetic dysregulation within~5 yr of a HTNP. For example, although plasma levels of norepinephrine at rest are higher in women 5-6 yr after preeclamptic pregnancy as compared with women with uncomplicated pregnancies, 24-h arterial pressure measurements did not differ between groups (12) . These data are concordant with the findings of the present study that BP did not differ at baseline between the women depending on their pregnancy history~30 yr after the index pregnancy. These observations need to be evaluated carefully as 50% of the women with a history of HTNP were diagnosed with hypertension and were taking antihypertensive medications, while only 21% of women with a history of NP were diagnosed with hypertension. However, a subanalysis of the women without current hypertension did not uncover significant differences between groups. Our results with the pressor response to IHG and postexercise ischemia are consistent with the observations made by Mangos et al. (14) , who reported no difference in sympathoexcitatory responses to orthostatic stress or cold stress between women with a history of HTNP (2-12 yr postpartum) and controls (women with uncomplicated pregnancy with no history of hypertension, renal disease, preeclampsia, or gestational hypertension).
A novel aspect of the present study is the insight into the sympathetic regulation of postmenopausal women with a history of HTNP to physical stressors. Even though the BP responses during physical stressors were not significantly different between the groups, we observed a higher rate of clinical hypertension in women with history of HTNP as compared with women with NP. Previous studies evaluated BP responses to physical stressors in premenopausal women related to pregnancy history (12, 14) . This difference in hormonal status is of particular importance because the autonomic support for BP regulation changes in postmenopausal women (2) . Specifically, young women regulate BP differently compared with postmenopausal women based of the difference in the relationship between muscle sympathetic nerve activity and total peripheral resistance (8, 9, 20) . In this regard, it is plausible that the menopause by itself could have independently contributed to the clinical hypertension in some women with a history of HTNP. However, the women in the present study were matched for menopausal status, and~50% of the women with a history of HTNP were diagnosed with hypertension, as opposed to only 21% in the NP group. This suggests that menopause has a minimal effect on the higher prevalence of clinical hypertension diagnosis in the women with a history of HTNP. Additionally, Schobel et al. (22) reported that the MAP and MSNA were significantly higher in women with preeclampsia at 33 wk of gestation, as compared with normotensive pregnant and nonpregnant women; although MAP and MSNA decreased significantly postpartum in women with preeclampsia. However, the sympathetic nerve activity and hemodynamic responses to a cold-pressor test and Valsalva maneuver did not differ significantly between the groups (22) . These results suggest that baseline sympathetic vasoconstrictor activity is partially mediating the increase in mean arterial pressure in preeclampsia (22) . However, the study conducted by Schobel et al. (22) included only premenopausal young women, as opposed to the postmenopausal women in the current study. Second, the cold-pressor test increases blood pressure by a different physiological mechanism than the IHG with postexercise ischemia (reviewed in Refs. 13 and 19) . So in addition to the hormonal status, the present study differs on the methodological technique to that used in previous literature.
It is possible that in the present study, only the baseline sympathetic vasoconstrictor activity might be higher in women with a history of HTNP, causing a higher incidence of hypertension in this group as compared with women without a history of HTNP. For example, Fischer et al. (5) have reported that women with a history of preeclampsia have a significantly higher muscle sympathetic nerve activity during 22 and 33 wk of gestation in their subsequent pregnancies, as compared with their post-partum levels. The authors speculated that pregnancyinduced sympathetic hyperactivity could manifest into preeclampsia only if the vasodilating mechanisms fail. This loss of vasodilating mechanisms may be a phenomenon similar to that observed in postmenopausal women, in which the ␤-adrenergic vasodilation fails to offset ␣-adrenergic mediated vasoconstriction typically seen in young women (8, 11) . On the basis of these reports, we speculate that women with a history of HTNP tend to have higher sympathetic activity every time they encounter an endogenous stressor (pregnancy); however, it may not manifest into higher BP responses during exogenous stressors (IHG exercise). On the basis of our data on the frequency of hypertension, we also speculate that when women with a history of HTNP face another endogenous stressor (menopause), they respond differently as compared with women with NP. However, we are unable to see these manifestations in BP response to external stressors. Collectively, these studies give us an insight into the early sympathetic dysregulation in women with a history of HTNP.
A limitation of the current study is that~50% of the women with a history of HTNP were using antihypertensive medications (Table 4 ). However, it has been reported that the enhanced BP response during IHG exercise is not suppressed by ␤-blockade (propranolol) and is reduced only~30% by ␣-blockade (prazosin) in individuals with essential hypertension (7). Additionally, we performed a subset analysis to compare women with a history of HTNP who are currently normotensive and women with a history of NP who are currently normotensive, which showed no significant differences in their BP response to physical stressors. Thus, we conclude that the potential impact of antihypertensive medications on our findings is likely small. However, we cannot rule out the possibility that the women who developed hypertension may represent a unique subgroup in whom differences might manifest closer to the incident pregnancy through development of clinically defined hypertension.
Perspectives and Significance
In conclusion, these data suggest that~30 yr postpartum, the autonomic responsiveness in women with a history of HTNP is similar to women with a history of NP. Additionally, even though~50% of the women with a history of HTNP are currently diagnosed with hypertension, their BP responses to physical stressors were similar to those without a current diagnosis of hypertension. NP  4  1  0  3  0  1  1  0  HTNP  21  10  1  9  3  11  2  1 Values are the number of individuals. ACE, angiotensin-converting enzyme; AH, antihypertensive; ARB, angiotensin receptor blockers; Ca, calcium; HCTZ, hydrochlorothiazide; K ϩ , potassium.
